Purpose: A temporal diffusion MRI spectroscopy based approach has been developed to quantify cancer cell size and density in vivo. Methods: A novel imaging microstructural parameters using limited spectrally edited diffusion (IMPULSED) method selects a specific limited diffusion spectral window for an accurate quantification of cell sizes ranging from 10 to 20 mm in common solid tumors. In practice, it is achieved by a combination of a single long diffusion time pulsed gradient spin echo (PGSE) and three low-frequency oscillating gradient spin echo (OGSE) acquisitions. To validate our approach, hematoxylin and eosin staining and immunostaining of cell membranes, in concert with whole slide imaging, were used to visualize nuclei and cell boundaries, and hence, enabled accurate estimates of cell size and cellularity. Results: Based on a two compartment model (incorporating intra-and extracellular spaces), accurate estimates of cell sizes were obtained in vivo for three types of human colon cancers. The IMPULSED-derived apparent cellularities showed a stronger correlation (r ¼ 0.81; P < 0.0001) with histologyderived cellularities than conventional ADCs (r ¼ À0.69; P < 0.03).
INTRODUCTION
Diffusion-weighted MRI (DWI) provides a noninvasive way to map the diffusion properties of tissue water molecules that are affected by restrictions and hindrances to free movement, and is thereby able to provide information on tissue microstructure. Conventionally, an effective mean diffusion rate, the apparent diffusion coefficient (ADC), is obtained by using motion-sensitizing pulsed gradient spin echo (PGSE) pulse sequences to probe water displacements. Despite substantial successes in using ADC values for cancer diagnosis, staging, and assessment of response to treatment (1), the biophysical mechanisms underlying changes in ADCs are not always fully understood. ADC values are potentially affected by various tissue properties, including cellularity (2,3), cell size (4), nuclear size (5), membrane permeability (6) , and the presence of necrosis (7), which are commonly involved in the development and treatment of cancer. Interpretation of changing ADC values must, therefore, be made with caution (8, 9) . Direct measurements of salient features of tissue microstructure at the cellular level could provide more valuable assessments of tumor development and therapeutic response than nonspecific ADC values (9) .
Cell size plays an important role in affecting the functional properties of cells from the molecular to the organismal level, including cellular metabolism (10) , proliferation (11) , and tissue growth (12) . Monitoring changes in cell size is relevant to a wide array of clinical and research questions. For example, cell swelling is the first manifestation of various chemo/radio-therapy induced cell injuries (1, 7) . Also, cell shrinkage is a hallmark of morphologic features associated with apoptosis, which is a common target for many anti-cancer therapies (13, 14) . Therefore, a large number of DWI studies have focused on estimating compartment sizes in biological tissues.
One approach to measure compartment size involves measurement of the diffusion-diffraction pattern resulting from restricted water molecules in the long-diffusion time limit and short-gradient pulse approximation (15) . The diffraction pattern has been reported to successfully characterize the cell sizes of mono-dispersed erythrocytes (16) , but fails in most real biological tissues due to the heterogeneous distribution of cell sizes. A related approach, Q-space imaging, generates a displacement probability distribution function that can provide apparent compartment sizes in biological tissues, but tends to overestimate cell size due to the inability to separate the signal contributions from intraand extracellular spaces (17, 18) and violation of the shortgradient pulse approximation (19) .
An alternative approach is to develop a geometric model of tissue microstructure which allows more accurate estimates of cell size and several other morphological properties. Models that include more than one compartment with or without the effects of membrane permeability have been used to assess axon sizes in bovine optic nerve (20) , to characterize axon size distributions in vitro (21) and in vivo (22) , to quantify mean axon size in the corpus callosum of human (23) and monkey brain (24) , and to measure cell size in a solid tumor (25) . These studies used conventional pulsed gradient spin echo (PGSE) pulse sequences, whereas double diffusion encoding (DDE) and oscillating gradient spin echo (OGSE) sequences have also been used to measure cell sizes in fixed yeast cells in vitro (26) and fixed tissues ex vivo (27) . Most of these techniques have been applied to measure axon sizes smaller than 10 lm, with less emphasis on assessing cells in solid tumors, which typically range from 10 to 20 lm.
Recently, we reported a temporal diffusion spectroscopy (TDS) based approach (28) that combines PGSE (long diffusion times) and OGSE (short diffusion times) acquisitions to cover a specific range of effective diffusion times that allows reliable quantification of microstructure at length scales of 10 to 20 lm, i.e., typical cancer cell size. We term this new approach imaging microstructural parameters using limited spectrally edited diffusion (IMPULSED) and have demonstrated that it can accurately quantify cell sizes in cell cultures in vitro (28) . Here, IMPULSED is applied in vivo to estimate microstructural features, including cell size and cellularity, in three different colorectal cancer xenograft tumor models (DiFi, HCT116, and SW620) with different cell sizes and cellularities (29, 30) . Moreover, imaging measurements are validated by histologic analyses based on Na 1 /K 1 -ATPase immunostaining of the cell membrane, which overcomes major drawbacks of conventional staining such as H&E in estimating cell size of densely packed cancerous tissues.
METHODS

Diffusion Signal Model
We assume that the diffusion weighted signals of cell samples can be expressed as the sum of signals arising from intra-and extracellular spaces, namely,
where v in is the water volume fraction of intracellular space, and S in and S ex are the signal magnitudes per volume from the intra-and extracellular spaces, respectively. The water exchange between intra-and extracellular spaces is omitted, as suggested in numerous diffusion MRI biophysical models of tumors (25, 28) . Following previous approaches (25, 28) , tumors are modeled as densely-packed spherical cells. Note that the significant variations of cell shapes in realistic tissues may not affect our fitting results if an effective mean cell size is defined (28) . The analytical expressions of OGSE signals in some typical geometrical structures, e.g., cylinders and spheres, have been derived previously using a Gaussian approximation for the phase distribution (31, 32) . For OGSE measurements of diffusion within impermeable spheres using cosine-modulated gradient waveforms, the intracellular diffusion signal can be expressed as
where D in is the intracellular diffusion coefficient, f is the oscillation frequency, d is the gradient duration, D is the separation of two diffusion gradients, g is the gradient amplitude, and k n and B n are structure dependent parameters related to the spherical cell diameter d. The expressions of k n and B n have been reported previously (31, 33) . The accuracy of Equation [2] has been validated by computer simulations (31, 32) and phantom experiments (34) . For PGSE measurements of diffusion within impermeable spheres, the intracellular diffusion signal can be expressed as a specific case (f!0) of Equation [2] S in ðPGSEÞ5
which has been reported previously (33) .
Equations [2] and [3] describe intracellular diffusion signals obtained using OGSE and PGSE methods, respectively, and the spherical cell diameter d can be fit using these equations.
Because only a narrow range of frequencies are achievable in practice, the ADC values of the extracellular space show a linear dependence on the oscillating-gradient frequency (35, 36) . As a result, the extracellular diffusion signal can be modeled as shown in Equation [4] , namely,
where D ex0 is the extracellular diffusion rate at frequencies close to 0, and b ex is the slope of extracellular diffusion coefficient with respect to frequency f, which contains information on structural dimensions. The extracellular diffusion signal measured by PGSE sequence can be obtained as f approaches zero in Equation [4] :
In Vivo Tumor Models
All animal procedures were approved by the Institutional Animal Care and Usage Committee at Vanderbilt University. Female athymic nude mice (Harlan Laboratories, Inc., Indianapolis, IN) were used for the study and observed daily and weighed weekly to ensure that interventions were well tolerated. A total of 10 mice were inoculated with either DiFi (n53), HCT116 (n 5 4), or SW620 (n 5 3) cells into the right hind limb. When each tumor reached a size of 200-300 mm 3 , the MR imaging was performed as described below, and the mouse was euthanized for histology immediately afterward.
In Vivo MR Imaging
Mice were anesthetized with a 2%/98% isoflurane/oxygen mixture before and during scanning using a Varian DirectDrive TM horizontal 4.7 Tesla (T) magnet (Varian Inc., Palo Alto, CA). The magnet bore temperature was kept at 32 C using a warm-air feedback system. Stretchable medical tape was used to ensure the proper positioning of hind limbs and tumors and to restrain movement caused by respiration, as well as to reduce motion-induced artifacts in the image data. Respiratory signals were monitored using a small pneumatic pillow placed under the mouse abdomen and respiration gating (SA Instruments, Stony Brook, NY) was applied to further reduce motion artifacts. A doped water solution (5 mM CuSO 4 ) was placed beneath the animal at thermal equilibrium with the magnet bore temperature, and its ADC value was measured to monitor the consistency of ADC measurements.
Both OGSE and PGSE sequences were implemented using a two-shot echo planar imaging (EPI) acquisition. The imaging parameters for PGSE acquisitions were diffusion gradient durations d 5 4 ms, and separation D 5 48 ms. The OGSE sequence used gradient frequencies from 50 to 150 Hz with d/D 5 20/25 ms, corresponding to effective diffusion times (1/4f, where f is the frequency) (37) approximately from 5 to 1.7 ms. As shown in Table  1 , five b values at equal logarithmic spacing from 0 to either 2000 s/mm 2 or the allowed maximum b value, limited by our maximum gradient strength of 360 mT/m in a single direction, were used for both PGSE and OGSE acquisitions. Multiple axial slices covering the entire tumor of each animal were acquired with a slice thickness of 2 mm. The matrix size was 128 3 64 with field of view 5 40 3 20 mm, yielding an isotropic in-plane resolution of 312.5 lm. Note that the echo times (TEs) (TE 5 67 ms) for all diffusion measurements were the same to minimize relaxation effects.
Histology
The animals were euthanized immediately after each MRI session. The tumors were then dissected, cut into small pieces of approximately 2 mm in thickness, fixed in 10% formalin for 24 h and transferred to 70% ethanol before paraffin embedding. Tissues were then sectioned (8 mm thickness) and stained with hematoxylin and eosin (H&E) or Na
1 -ATPase is a plasma membrane pump responsible for the extracellular transport of sodium ions and the intracellular transport of potassium ions. It is one of the most widely expressed plasma membrane markers (38) which provides opportunities to better visualize cell boundaries (membranes) under the circumstances that cancer cells are densely packed in solid tumors. Briefly, tissue samples were de-paraffinized, rehydrated, and antigen retrieval was performed using 6.1 pH citrate buffer (S169984-2, Dako) for 20 min at 105 C in a pressure cooker followed by a 10-min bench cool down. Samples were treated with 3% hydrogen peroxide, and blocked for 30 min in phosphate buffered saline/3% bovine serum albumin/ 10% donkey serum. Primary antibody was incubated overnight at 4C followed by secondary antibody detection with Cy7-anti-rabbit (Na
The capability of conventional microscopy of glass slides to estimate the structural features of whole tumor tissues is limited by the insufficient sampling of microscopy sections (39) . In the current study, the whole stained slides were scanned by a Leica SCN400 Slide Scanner with a magnification of 20 to generate highresolution digital images covering the whole tumor. A purpose-written segmentation algorithm was implemented to calculate the cell size and total number of cells for the entire slides. In this way, a more accurate histological characterization of tumor tissues were obtained with minimized influences of choices of regions of interest due to tumor heterogeneity.
Data Analysis
Equations [1] [2] [3] [4] Randomly generated initial parameter values were used. To ensure the global minimum was reached, the fitting was repeated 100 times for each sample, and the analyses corresponding to the smallest fitting residual were chosen as the final results.
The 3D tumor cell density q was estimated as
However, tumor cellularity (the total number of cells in a unit area of 2D tissue section) is typically used in pathological analysis in clinics. To compare IMPULSED-derived parameters with histology, we converted the tumor cell density to the tumor cellularity by assuming that solid tumors consist of spherical cancer cells densely packed on a face-center-cube grid (5, 40) , and hence
Statistical Analysis
The differences in histology-derived cell size and cellularity, IMPULSED-derived parameters, and ADC values among three different types of tumor cell lines were summarized using means and standard deviations, and compared by one-way analysis of variance (ANOVA). All the tests were two-sided and a false discovery rate (FDR) adjusted P-value of 0.05 or less was taken to indicate statistical significance with consideration of multiple comparisons. The correlations between (i) histology and IMPULSED-derived cellularities; (ii) histology-derived cellularities and PGSE-derived ADC values were assessed using Spearman's tau correlation coefficient (41) . Statistical analyses were performed using OriginPro 9.0 (OriginLab. Northampton, MA).
RESULTS
Histological Characterization of Cell Sizes and Cellularities of DiFi, HCT116, and SW620 Tumors
Representative raw (top) and segmented (bottom) H&E stained slides for a DiFi tumor are shown in Figure 1a .
The mean cellularity of each tumor was calculated from the high-resolution digital images of H&E-stained slides by counting the segmented nuclei. Figure 2a shows that SW620 tumors have a higher average cellularity than DiFi and HCT116 tumors (P < 0.05). Although the cytoplasm is colored in red on H&E stained images, the cell boundaries are difficult to identify due to very narrow extracellular spaces in solid tumors. To overcome this practical problem, the cell membranes were visualized in green with immunofluorescence staining for Na 
Microstructural Characterization of Tumors Using IMPULSED Method
Representative OGSE and PGSE single-voxel signals from DiFi, HCT116, and SW620 tumors are shown in Figure  3 . As expected, the diffusion-weighted signals decay faster as the effective diffusion time decreases. The PGSE signals were significantly higher than OGSE signals, indicating that lower effective diffusion rates were obtained at longer diffusion times. The solid lines represent the fits from Equation [1] . The fitted IMPULSED parameters and PGSE-derived ADC for the signals shown in Figure 3 are listed in Table 2 .
An H&E stained histological image, PGSE-derived ADC map, and IMPULSED-derived parametric maps (apparent cellularity, d, v in ,, D in ,, D ex0 , and b ex ) of a representative slice through a tumor are shown in Figure 4 . It is evident that the H&E stained tumor image shows cell density heterogeneity. The PGSE-derived ADC and IMPULSEDderived parametric maps show similar patterns to the histological image, consistent with the biological interpretations of these parameters. For a quantitative comparison, the detailed statistics of five fitted parameters, PGSE-derived ADC and IMPULSED-derived cellularities for three types of tumors are summarized in a set of box plots (Fig. 5) . The cell sizes for DiFi, HCT116, and SW620, are 16.1 6 3.31, 14.21 6 4.46, and 11.69 6 2.42 mm, respectively (Fig. 5a ), close to our histological results. The intracellular volume fractions of DiFi tumors are significantly higher than HCT116 tumors (P < 0.01; Fig. 5c ). The D ex0 of DiFi tumors are significantly higher than SW620 (P < 0.05, Fig. 5d ). There are no significant differences in D in and b ex among the three types of tumors (P > 0.05; Figs. 5b,e). SW620 tumors have the lowest PGSE-derived ADC values, indicating the highest cell density among these three types of tumors (P < 0.05; Fig. 5f ). The IMPULSED-derived cellularity of SW620 tumors are significantly higher than HCT116 and DiFi tumors (P < 0.05; Fig. 5g ).
IMPULSED-Derived Apparent Cellularity Correlates Well with Histological Results
A single ADC value obtained with a PGSE acquisition at a relatively long diffusion time (e.g., 48 ms in the current study) has long been considered to negatively correlate with cellularity. On the other hand, an apparent cellularity can be specifically estimated using Equation [3] . Figures 6a,b displays the correlations between histology and IMPULSED-derived cellularity, and histology and PGSEderived ADC for each animal. The positive correlation (Spearman's correlation coefficient 5 0.81; P < 0.0001) between histology and IMPULSED-derived cellularity is much stronger than the negative correlation (Spearman's correlation coefficient 5 20.69; P 5 0.03) between histology and PGSE-derived ADC, suggesting IMPULSED-derived cellularity is a more specific indicator of tumor cellularity compared with ADC, while the latter is influenced by multiple microstructural parameters simultaneously.
DISCUSSION
Cellularity and cell size in biological tissues play important roles in the diagnosis and prognosis of cancer. Conventionally, these parameters are measured from invasive biopsies, which suffer from major limitations. In this study, it is demonstrated that the IMPULSED method allows an accurate in vivo quantification of cell size. The IMPULSED-derived cell sizes are slightly larger than the histology-derived area weighted cell sizes. This discrepancy can be explained by a combination of tissue shrinkage during histology preparation and the fact that the tissue section rarely passes through the center of the cell, leading to an underestimation of cell size. The degree of the underestimation increases as the cell size increases, and as a result, DiFi tumors have the largest difference between histology and IMPULSED-derived cell sizes. The cell sizes of HCT116 and SW620 have also been measured in vitro by light microscopy and reported to be 14.40 6 3.88 and 11.09 6 1.58 mm (29, 30) , consistent with our MR results.
ADC values obtained with a PGSE sequence at a relatively long diffusion time (20-80 ms) have previously been negatively correlated with cellularity. However, they are not always correlated with cellularity (42, 43) . For example, increased/decreased ADCs in tumor tissues due to treatment-induced cell shrinkage/swelling have been reported previously. IMPULSED method extracts the cell size and intracellular volume fraction from multiple ADC values and provides a more direct measurement of the tumor cellularity, independent of cancer cell size. The IMPULSED-derived apparent cellularity is demonstrated (Fig. 6) to be a more specific indicator of cellularity in tumor tissues than conventional ADC values.
Recently, VERDICT, a PGSE based method, has been used to quantify microstructural properties (e.g., cell size and intracellular volume fraction) in tumors (25, 44) . However, this method requires prior knowledge of intra/ extra-cellular diffusivities to minimize fitting errors (44) . As demonstrated recently (45) , it is challenging for these PGSE based methods to measure cell size and intracellular diffusivity simultaneously, presumably due to the relatively long diffusion times used in PGSE measurements. The incorporation of OGSE acquisitions increases the sensitivity to intracellular diffusion, which in turn provides extra microstructural information compared with methods with PGSE measurements only. In addition, it has been reported (46) that low-frequency OGSE sequences provide more sensitivity to the axon diameter than PGSE sequences when axons have unknown and dispersed orientations. This conclusion may also be true when measuring the tumor cell size if the cells are modeled as ellipsoids. Therefore, the IMPULSED method provides more comprehensive microstructural information about tumors at broader length scales, and thus may be a plausible way to characterize tumor status.
The water exchange between intra and extracellular spaces was assumed negligible in the current study. This assumption has been shown to be reasonable in previous OGSE studies (47) (48) (49) , because the effective diffusion time of the OGSE measurement is usually much shorter ( < 5 ms) compared with the intracellular lifetime of water molecules (50, 51) . However, the precise effect of water exchange on diffusion measurements in vivo remains unclear. The incorporation of PGSE measurements with a long diffusion time makes this method more likely to be affected by water exchange than typical OGSE methods. As reported in our previous in vitro study, the ignorance of membrane permeability is likely to underestimate the fitted intracellular volume fraction without affecting the accuracy of cell size measurement (28) .
In the current study, the fitted intracellular volume fractions are approximately 65%, 45%, and 55% for DiFi, HCT116, and SW620 tumors, respectively, which are lower than typical intracellular volume fractions in tumor tissues reported previously. Such an underestimation of intracellular volume leads to an underestimation of cellularities, as shown in Figure 6b . In addition, transcytolemmal water exchange increases significantly in developing/treated tumors, especially apoptotic regions (52) . Therefore, the influence of transcytolemmal water exchange on quantification of microstructural parameters in tumor tissues using the IMPULSED method needs to be further investigated. Either a more complex model which accounts for water exchange between intra and extracellular spaces, such as the Karger model (53), or another independent measurement of water exchange effects, such as filter exchange imaging (FEXI) (54) , may be included in future in vivo studies. th percentiles are blocked by the box, the black and red bands inside the box are the median and mean, respectively, and the whiskers mark the SD. *P < 0.05 and **P < 0.01 as measured by oneway ANOVA with a FDR posttest.
Capillary perfusion was assumed negligible in the current study. This assumption has been used in many cancer studies using DW-MRI (5,6), because the perfusion fraction of tissues is usually much smaller than the diffusion fraction of tissues. In cases where effects resulted from tumor angiogenesis on ADC measurements cannot be assumed negligible, the current PGSE/OGSE sequences can be modified to acquire perfusion-free MR signals by inserting a PGSE filter with a small b value at the beginning of the sequence (7).
High resolution histology images typically require high magnifications such as 20 3 or 403, which in turn significantly limits the histology analyses based on small regions of interest (ROIs). However, most tumors are very heterogeneous, and hence the choices of ROIs in histological analyses remarkably affect the results. To reduce the influences of this error source, whole slide imaging was used in the current work to acquire high magnification (203) digital images of whole histological slides of tumor tissues. Note that due to the challenges in the coregistration between histology and MRI of deformable xenografts in mouse hind limbs, all histology-and MRIderived parameters were averaged for each tumor for comparison and correlation in the current work. For even better accuracy, it is plausible to perform a voxelwise correlation between histology and MRI in future studies.
CONCLUSIONS
A temporal diffusion spectroscopy based approach (IMPULSED method), combining a single long diffusion time PGSE and low-frequency OGSE measurements, was developed for accurately measuring relatively large cell sizes (10-20 lm) in vivo. Using this method, accurate cell sizes in three types of human colon cancer tumors (DiFi, HCT116, and SW620) were obtained and confirmed by histologic analyses. Apparent cellularities, calculated from the fitted cell sizes and intracellular volume fractions, were shown to have a stronger correlation with histology-derived cellularities than the correlation between conventional PGSE-derived ADC values and histology-derived cellularities. These findings confirm the potential of the IMPULSED method for providing microstructural information noninvasively to assist better characterization and prognosis of cancer.
